Abstract. Maps of magnetic and gravity field anomalies provide information about physical properties of the Earth's crust and upper mantle, helpful in understanding geological conditions and tectonic structures. Depending on data availability, whether from ground, airborne or from satellites, potential field anomaly maps contain information on different ranges of spatial wavelengths, roughly corresponding to sources at different depths. Focussing on magnetic data, we compare am- short and long wavelength anomalies and the correlation of rather large scale magnetic and gravity anomalies,
Introduction
Geopotential field anomalies are the spatial magnetic and gravity field variations depending on surface geology, tectonics, changes in composition, physical properties and thickness of the crust and 1 upper mantle. Anomaly maps are used to constrain structures of the lithosphere, as variations in mag-25 netisation and density give useful information for understanding geological conditions and tectonic processes. Generally, anomaly maps based on ground, marine and airborne surveys cover areas in the order of kilometers to tens of kilometers ::::
with Magnetic anomaly maps obtained from satellite data provide a long-wavelength picture associated with such structures (e.g., Regan et al., 1975; Ravat et al., 1992 Ravat et al., , 1993 . Recent examples are, e.g., the
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MF6 and MF7 models 1 (Maus et al., 2008) based on CHAMP 2 magnetic satellite data, which resolve the magnetic signatures for spatial wavelengths from 2700 km down to about 200 km. This range is constrained by the magnetic core field for the long wavelengths and the satellite's minimum altitude for the short ones. The study of intermediate wavelength anomalies requires a combination of satellite, airborne and/or ground measurements, as e.g. applied on the global scale for the World Digital
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Magnetic Anomaly Map (WDMAM) (Korhonen et al., 2007; Dyment et al., 2015) and on regional scale for some countries by revised spherical cap magnetic field modelling (R-SCHA) (Thébault et al., 2006; Korte and Thébault, 2007; Vervelidou, 2013) .
In geomagnetism, high resolution data and maps usually represent scalar magnetic anomalies (see, e.g., Blakely, 1996; Hamoudi et al., 2011) , while recent satellite missions provide large-scale 45 vector lithospheric field maps (see, e.g., Olsen and Kotsiaros, 2011) . The R-SCHA models attempt to provide detailed vector anomaly information by combining large-scale satellite vector anomaly information and detailed aeromagnetic scalar results complemented by point-wise ground vector anomaly information obtained from magnetic repeat station surveys.
Repeat stations are well-defined locations where magnetic absolute vector observations are carried 50 out for one to a few days once a year to every couple of years. They are mainly used to map the core (main) magnetic field and its secular variation on a regional scale (e.g., Newitt et al., 1996; Barraclough and De Santis, 2011) . The measurements of three magnetic components (generally declination, inclination and intensity) are processed to represent the internal field. Robust estimates of the localised vector anomaly values at their locations, also known as repeat station crustal biases,
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can be obtained when time series over several years are available. To express the vector magnetic anomalies the X (northward), Y (eastward), Z (downward) and F (total intensity) components are used.
1 http://www.geomag.org/models/ 2 http://op.gfz-potsdam.de/champ/ 2
The use of repeat station vector information clearly modifies the vector anomaly description of the regional model at low altitudes, but Korte and Thébault (2007) note that a compatibility limit 60 exists between the information provided by the repeat station vectors and the aeromagnetic scalar data. Korte and Thébault (2007) indicate that a definitive reason for this discrepancy is difficult to attain, i.e. whether it is due to insufficient resolution of the model, problems with levelling and/or positioning of the airborne data, or uncertainties in the repeat station lithospheric field data.
Based on new repeat station results with improved external field correction, recently produced 65 scalar anomaly maps and regional as well as global vector magnetic anomaly models we investigate the agreement between robust localised estimates of magnetic scalar and vector anomalies and available maps. Furthermore, we study links between different short and long wavelength anomaly
representations. Taking advantage of recent new satellite geopotential field information we complement our study by a combination of the large scale (∼ 200 km resolution) magnetic anomalies
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with gravity gradient information of a comparable scale to discuss their links to specific lithospheric structures like terrane boundaries and faults.
We focus on two regions: southern Africa (encompassing South Africa, Namibia and Botswana)
and Germany (with surrounding areas when using satellite results). This choice is motivated twofold.
Firstly, we take advantage of our intimate knowledge of the repeat station data from these two re-75 gions. Secondly, these regions represent rather diverse geological and geophysical conditions: old Archean crust with strong magnetic anomalies for southern Africa, and much younger, weakly magnetised crust in central Europe. Moreover, the two areas have rather different sizes of dominant tectonic units.
This paper is organised as follows. The repeat station data, magnetic anomaly maps, vector
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anomaly magnetic and gravity gradient models are described in the next section. Thereafter, we discuss the information contained in maps of different minimum wavelengths, and we compare the ground data to available maps and models. Finally, we discuss implications for geological and tectonic interpretation of magnetic and gravity anomalies before concluding.
Data
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Geomagnetic repeat station data
Any geomagnetic field observation combines signals from the core field generated by the geodynamo, the lithospheric field, and also more rapidly varying magnetic signatures of electric current systems in ionosphere and magnetosphere and their induced counterparts. Different techniques are commonly applied to minimise the undesired contributions in different data products, in order to ob-90 tain a signal which is able to characterise the magnetic source one is interested in (core, lithosphere, external fields) as best as possible. All the data we use in the following are processed data products.
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Commonly, in repeat station data processing the recordings from a nearby variometer or nearest geomagnetic observatory are used to eliminate the short-period external field variations, up to half a year or longer, when the data are reduced to annual means (Newitt et al., 1996; Barraclough 95 and De Santis, 2011 (Korte and Haak, 2000; Thébault et al., 2009 ) . Here, we use the GRIMM3 model (Lesur et al., 2010; Mandea et al., 2012) 
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The observations are carried out late in the evening and early in the morning. They are reduced to the night time averages by using a continuously recording variometer set up nearby (see Korte et al., 2007, for details) . To obtain two sets of local crustal field estimates, we subtract the GRIMM3 core field model prediction for that night and the average of hourly GRIMM3 core and magnetospheric field predictions over the same time interval of measurements, respectively. Due to the time span supplementary Tables S1 and S2 . The average standard deviations lie between 2.9 nT in Z and 10.2 nT in X when only the core field is removed.
These values clearly become smaller in all components if the magnetospheric field contribution is additionally considered (see Table 1 ). Figure 1 shows the scatter reduction Korte and Fredow, 2004, 150 for details).
In this study we use data from Tables S5 and S6 .
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A clear reduction in scatter is seen when the magnetospheric contribution is considered (Table 1 ).
Average offsets due to magnetospheric contributions in the lithospheric field estimation for this region are included in Table 2 and shown in supplemental Fig. S1 . The final lithospheric estimates for the German repeat stations and observatories are listed in Table 4 . by further adjusting and carefully combining the resulting surveys. A 5x5 km grid of the map at 5 km altitude is freely available (see Fig. 3b ). Intensity anomaly values at the German repeat station locations from the denser grid were provided by G. Gabriel (pers. com., 2015) and are tabulated in Table S4 .
The magnetospheric field residual in different regions
Medium-resolution vector anomalies
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A medium resolution vector field anomaly model for the southern African region has been obtained recently by Vervelidou (2013) . This model is based on the values from the EMAG2 grid (Maus et al., 2009) A similar R-SCHA based model for Germany has been built by Korte and Thébault (2007) , combining an aeromagnetic total field intensity compilation (Wonik et al., 2001) , selected CHAMP vec- The EMM2010 model 3 derived by Maus et al. (2010) describes the main and lithospheric magnetic field up to spherical harmonic degree and order 720, equivalent to 56 km wavelength. The core field is computed from the spherical harmonic degrees 1 to 15 of the POMME-7 model based on selected CHAMP and Orsted satellite data (an update of POMME-6 4 (Maus et al., 2010) . The lithospheric part (NGDC-720) was obtained by an ellipsoidal harmonic representation of the total 220 intensity EMAG2 grid (Maus et al., 2009) re-sampled by averaging in 15 arc min cells. The vector field can be reconstructed purely from intensity measurements except for a non-uniqueness resulting from the Backus effect (Backus, 1970) . Maus et al. (2010) indicate that the local magnetic anomaly contributions perpendicular to the main field are therefore undetectable. The EMM2010 model is designed to describe the magnetic potential which explains the total intensity anomalies while min-
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imising any perpendicular contributions undetectable in the scalar data (Maus et al., 2010) . We explore the EMM2010 vector anomaly maps and values at the repeat station locations for truncation at spherical harmonic degree 720 (∼56 km wavelength) and, for later comparison to a recent gravity anomaly model, at degree 200 (∼200 km wavelength).
At spherical harmonic degrees around 13 to 16 the shortest observable wavelengths of the core 230 field and long-wavelength lithospheric field are of similar strength and it is impossible to clearly separate them. We found that the core field truncation to spherical harmonic degrees between 13 and 16 makes differences up to 5 nT on resulting lithospheric anomaly estimates from the model. We then decided to consider the core field as representative up to spherical harmonic degree 14 and use degrees 15 and higher for the lithospheric field estimates.
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Note that meanwhile a newer version of the model, EMM2015, has been published (Chulliat et al., 2015) . A ::: An unsystematic check indicates that utilisation of the updated version does not change our results or conclusions.
Gravity gradient anomalies
Finally, we also take advantage of the new available gravity satellite information. The GOCE_DIR5 240 model released in 2014 is one of the official ESA (European Space Agency) gravity field models related to the GOCE 5 (Gravity field and steady state Ocean Circulation Explorer) satellite mission (Bruinsma et al., 2014) . The inverse model is expanded to spherical harmonic degree and order 300, but it is considered, by Bruinsma et al. (2014) Gravity gradients are more sensitive to the high frequency potential of gravity than gravity data themselves because of their faster mitigation. Therefore, they have greater precision than gravity data for short wavelengths, and gravity maps made from gradiometer data have a higher resolution than 250 those obtained from gravity data. In addition, the gradiometer data contain directional information, because they are expressed in an orthogonal coordinate system. Gravimetry data provide a very by Korte and Thébault (2007) and scalar grid by of Figs. 4 and 5) mostly shows a general broad agreement of positive/negative anomaly patterns in the three components and total intensity, but a closer look reveals some differences in the two study areas.
In southern Africa (Fig. 4) in the south, is observed in both the short and long wavelengths ::: hard :: to :::::::: interpret.
Repeat station lithospheric estimates and vector anomaly maps
In order to compare the localised lithospheric anomaly estimates from the repeat stations to the available anomaly maps we plot the values from supplemental Tables S3, S4, total anomaly map and the R-SCHA suggests that these differences might be due to a lack of resolution, as the repeat stations are placed on rather localised anomalies. In this case, the agreement for the two horizontal components X and Y of the anomalies is similar to that for Z and F component anomalies. (Blakely, 1996) . Differences magnetite in the lithosphere. Furthermore, the quantity of magnetite and its distribution is related to 335 the composition and thickness of the lithosphere, while the magnetic properties are influenced by the temperature. The sources of regional anomalies can be diverse and their interpretation difficult.
Joint information from magnetic and gravity anomalies
Combining magnetic and gravity gradient anomalies, the later ones :::: latter being related to density variations, provides complementary information in this regard.
A detailed interpretation of the observed anomalies is beyond the scope of this study. In the fol-340 lowing, we only discuss the relation between some prominent observed potential field anomalies and some large-scale tectonic features. Figures 8 and 9 show the long wavelength magnetic and gravity gradient anomalies for the three orthogonal components north, east and vertical down. A 2-D correlation of 5 minute of arc grids of the magnetic and gravity gradient anomalies for the Z component are also shown. We limit this correlation analysis to the vertical component which is easier to in-345 terpret than the horizontal components. Large-scale tectonic structures are outlined and overlaid in these figures. For southern Africa, this information is based on a combination of the maps by Thomas et al. (1993) and Webb (2009) , omitting any small scale structures. For Germany, it is taken from the tectonics map by Berthelsen et al. (1992 
Southern Africa
In the southern African region we observe similar strike directions in both magnetic and gravity gra- The Kaapvaal craton, consisting of granite-greenstone terranes and dated at 3.64 -2.7 Ga, carries some of the strongest positive and negative gravity anomalies in vertical and east component. The craton is supposed to consist of two halves: the older (3.7 -3.1 Ga) eastern Witwatersrand terrane and 360 the slightly younger (< 3.26 Ga), western Kimberly terrane, welded together along the Colesburg lineament (Webb, 2009, and references therein) . Indeed the western part is associated with stronger gravity gradient anomalies, and the Colesburg lineament, clearly seen in high-resolution aeromagnetic data (Webb, 2009, and Fig. 3) shows up as a weakly negative anomaly in the magnetic Y and Z components. The western edge of the Kaapvaal craton is not known well from previous work, as the
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Kheis and associated Proterozoic fold and thrust belts there are assumed to overlie the craton (e.g., Webb, 2009) . Although the long wavelength anomalies should primarily reflect deeper structures we do not see any signal supporting a larger extension of the craton. In fact the Kheis and adjacent area is characterised by relatively strong negative magnetic vertical component anomalies that more likely are linked to the strong small-scale anomalies seen in high resolution intensity anomaly maps 370 (see Fig. 3 ).
The Namaqua-Natal belt seems to be characterised by slightly positive vertical gravity gradient anomalies ::: (Fig. : :: 8). However, this belt of anomalies with possible continuation into Damara belt and
Kaapvaal craton also correlates well with topography and might reflect the isostatic roots of these structures. The Namaqua-Natal belt is described as an area of higher heat-flow (e.g., Webb, 2009), 375 which would suggest Curie-depths closer to the Earth's surface and consequently fewer deep magnetic sources. This cannot be noticed in the wavelengths shown by our magnetic maps. The three terranes (Tugela, Mzumbe and Margate, from north to south) which form the Natal Metamorphic
Province at the easternmost end of the Namaqua-Natal belt (Thomas et al., 1993, e.g.,) ::::::::::::::::::::::::::::::::::::: (e.g., Thomas et al., 1993; Scheiber-Enslin et in the X and Z component long-wavelength magnetic anomalies, as do structures of the Kibaran 380 orogenes ::::: orogen : south-west of the Kheis area.
To the south, the Cape mobile ::: fold : belt or its boundary with the Namaqua-Natal belt are clearly visible as elongated E-W striking anomalies in several components in the magnetic and gravity gradient maps :::: (Fig. :: 8 ). This area has been interpreted as a subduction zone corresponding to the prominent Beattie magnetic anomaly or as a cross-cutting Pan-African suture to the south of the
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Beattie anomaly (Thomas et al., 1993 , and references therein). The 1,000 km-long Beattie Magnetic
Anomaly is very well seen in aeromagnetic data but is less clear in the presented long-wavelength maps, although it has been suggest :::::::: suggested that the geological sources for this anomaly are mostly located in the middle crust (so that the anomaly should be well represented by large wavelengths).
It may be displaced by a shear zone or a fault (Quesnel et al., 2009) . To explain this anomaly : , some 390 models suggested serpentinised relics of an inferred suture zone of the Natal-Namaqua Mobile Belt, others granulite-faces :::::::::::: granulite-facies : mid-crustal rocks within this belt (Quesnel et al., 2009 ). The latter explanation could be supported by the positive anomaly seen in the dZZ map, as serpentinite generally has lower density than granulite.
Another obvious link between tectonics and magnetic anomalies at this scale is seen along the 395 western coast of South Africa and Namibia in all the components, which goes along with a similar structure of positive gravity dZZ anomalies :::: (Fig. :: 8) , indicating denser/deeper crust. This anomaly is ascribed to a volcanic province (Gaina et al., 2013) created by massive outpouring of basalt lavas during the break-up of the African and South American plates around 133 Ma ago (Moulin et al., 2010) .
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The formal correlation between magnetic and gravity gradient anomalies :: in ::: southwestern Botswana and small northwestern parts of South Africa, however, crosses parts of three tectonic units.
Germany and surroundings
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For the German region, Gabriel et al. (2011) found a partial reflection of supposed tectonic segments (see top right panel of Fig. 9 ) by the detailed aeromagnetic total intensity anomalies, which indeed can also be seen in the high resolution component anomalies in Fig. 5 . The northern German region of Caledonian crust overlain by Quaternary sediments (e.g., Berthelsen et al., 1992; Küster and Stöckhert, 2003) is there :: in ::: this :::::: figure characterised by rather long-wavelength total intensity 415 magnetic anomalies with mostly positive X-component. The whole area to the south of this, considered to lie on Variscan basement (e.g., Berthelsen et al., 1992; Küster and Stöckhert, 2003) Thomas et al. (1993) and Webb (2009) and correlation between vertical component magnetic and gravity anomalies (bottom).
anomalies in this case are rather low. One question that cannot be answered at present is whether they are reliably resolved in the available model. Bansal et al. (2011) , who used the (short-wavelength) intensity anomaly map by Gabriel et al. (2011) (Fig. 3b) with a modified centroid-depth method and obtained DBMS values between 22 and 45 km.
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The global geopotential field models invoked in this study are individual estimates of the largescale anomalies. In particular for the magnetic field : , the present ESA Swarm satellite constellation 6 including ::::: which :::::::: comprises : two parallel-flying satellites at low altitude : , will provide new data leading :::
and :::: lead to improved long-wavelength lithospheric magnetic field models. These should be used both to determine additional DBMS estimates for southern Africa and to investigate the large-wavelength 470 anomalies in central Europe in order to confirm or revise our findings, which at present seem somewhat incompatible with the recent Curie depths estimates by Vervelidou and Thébault (2015) .
Conclusions
In this study, we have investigated and compared lithospheric magnetic anomaly estimates provided by various data sources, from ground stations to low-Earth orbiting satellites over two geologically 475 different regions, southern Africa and Germany. This choice has been determined by our experience of measuring the magnetic field variation on repeat station networks in both regions over more than a decade. Moreover, these areas provide rather different geological and geomagnetic settings, with very old cratons and strong magnetic anomalies in southern Africa and less strongly magnetised younger crust in central Europe.
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Time series from geomagnetic repeat stations spanning five up to ten years provide robust estimates of the localised anomalies (repeat station crustal biases). Many of the repeat stations lie on 6 http://www.esa.int/Our_Activities/Observing_the_Earth/The_Living_Planet_Programme/Earth_Explorers/Swarm/ESA_s_magnetic_field_mission_Swarm 24 rather strong, small-scale anomalies, which should be taken into account when using repeat station observations for core field mapping and modelling. Moreover, a clear long-term magnetospheric influence is still present in these data series after standard data processing; this contribution has also 485 to be taken into account in core field and particularly secular variation studies using repeat station data. Likewise, this time-varying background magnetospheric field is not removed in the standard processing of aeromagnetic anomaly data and might be one cause of discrepancy when merging anomaly maps obtained at different epochs.
The comparison of short and long wavelength anomalies revealed that the long wavelengths often 490 display similar patterns but with subdued amplitudes. However, they can also show quite different patterns, strike directions of anomalies and signs. Both magnetic anomalies and gravity gradients at large (∼ 200 km) spatial scales show some known tectonic units well while not indicating others.
Generally speaking, we found a better agreement between short-and long wavelength magnetic anomalies and links to long-wavelength gravity gradient anomalies for the southern African than 495 the German region. Formal correlation between long-wavelength magnetic and gravity anomalies seems to reflect several tectonic structures in the southern African region rather well, but is hard to interpret for the German region. One possible explanation is that near-surface ::::::: shallower : and deeper lithospheric structures might be more concordant in the former area. This result seems in accordance with a thicker lithosphere and a lower heat flux reported in the literature for the southern African 500 region, assumed to lead to a greater depth to the bottom of the magnetic sources or Curie depth, which, however, was not found in recent global estimates of magnetic crustal thickness. It is possible that weak large-scale anomalies, as dominating in the German region, might not be reliably resolved in the global model and then should not be considered significant for interpretation or correlation.
Improved global lithospheric magnetic field models expected from ESA's Swarm satellite mission 505 might solve these discrepancies in the near future.
Overall, : our results indicate that the investigation of potential fields at different wavelengths can aid geological and tectonic mapping and interpretation, and the correlation results for southern Africa encourage modelling of large-scale tectonic units from joint magnetic and gravity anomaly longwavelength signals. 
